Recently, minimum invasive surgeries that are surgical operations to obtain high treatment effects without use of surgical knives have been applied in clinical practice to reduce physical and financial burdens of patients. Further, new technologies for low-invasive and high-accurate diagnoses, e.g., magnetic resonance imaging for high-accurate and high-resolution imaging of affected parts, have been developed for effective treatments without high burdens. Because these low-invasive treatments and diagnoses enable cure of affected parts in short periods, as a result, they conduce to realize early rehabilitations and to offer comfortable sociality. In addition, regeneration technologies of organs from autologous cells and/or tissue, so called "Regenerative Medicine" have been being developed rapidly with an expectation to be a next generation low-invasive treatment. The regenerative medicine will provide much more safe, ease and comfortable sociality by a high-level affinity control in between biomaterials and cells/tissues. Biomaterials, diagnostic devices and treatment techniques with much higher functions and performances are strongly desired with promotion of aging society.
The Biomaterials Center (BMC) was established in October 15, 2001 to develop next generation medical treatment techniques and to realize highly medical society. Development of biomaterials and diagnostic technologies needs multidisciplinary researched by experts in materials, cells, genes, bioelectronics, medicines, etc. Moreover, collaborations among medical research institute, hospitals, Industries and us are necessary for rapidly practical use of research results to contribute toward evolution of medicine and related industries. The BMC are composed of 8 groups shown in Fig. 1 to realize our mission, especially in fusion of nano and biotechnologoies Review Porous hydroxyapatite (HAp, Ca 10 (PO 4 ) 6 (OH) 2 ) has attracted attention as a bone graft substitute in the field of tissue engineering because of its high biocompatibility. However, there is no porous HAp ceramic with high mechanical strength, high porosity and high interconnectivity; these features are quite important to repair bone in orthopedics but incompatible with strength and porosity. In the porous HAp ceramics prepared from the mixture of HAp powders and spherical polymer particles, interconnecting pores are so small that cellular and vascular invasions are restricted. Sintering of foamy HAp slurry tends to cause its porous structure inhomogeneous due to the incorporation of bubbles during a drying process, resulting in weak mechanical strength. We improve this foaming method by fixing a foamy structure with a cross-linked polymer; the HAp porous ceramics obtained have high mechanical strength and large homogeneous interconnecting pores. from the viewpoint of material genomics, and is placed at Nao-Biomaterials Building (Fig. 2 ) constructed in March, 2004 in Namiki-site of the National Institute for Materials Science (NIMS).
HAp slurry was mixed with a polymerizing compound polyethyleneimine and a foaming agent polyoxyethylenelaurylether. Foaming of the slurry is performed by vigorous mechanical stirring and then a cross-linking agent, epoxy compound (sorbitol glycydyl ether), was mixed into the foamy slurry. After the fixation of porous structure by cross-linking reaction in a mold, the resultant material was dried at room temperature and sintered at 1200°C. Porosity of the HAp obtained was measured using a mercury intrusion method, and fracture surface was observed using a scanning electron microscope (SEM). Porosity of obtained HAp ceramics is 77%. SEM photograph of fracture surface is shown in Fig. 3 . Average pore size of 100 pores was 500 m and all pores interconnected via 200 m pass. Porous structure is highly uniform overall. Compressive and three-point bending strength are 17MPa and 7MPa, respectively. These values are significantly higher than those observed in the literature and other commercial materials with similar porosity and pore size. • High bioaffinity hydrogenl for drug carrier • Sensor cells for material and drug screening • Biochip for home and remote medical care systems
HISTORY OF THE BIOMATERIALS CENTER
The researches concerning calcium phosphates will be descryibed in detail in the next few sections.
The BMC actively construct collaboration system of biomaterials researches among domestic private companies, science and technology universities, medical and dental universities and other national institutes as well as international collaboration. tests, the porous HAp was cut into blocks of 5×5×5mm 3 . After sterilization in an autoclave, the blocks were soaked in a BMO suspension containing osteogenic medium: BMOs were obtained from bone shaft of femora of rats. After 2 weeks subculture, the blocks were implanted into subcutaneous sites in syngeneic rats. The porous HAp blocks implanted in rats show bone formation in the pore regions from 2 weeks postimplantation. Figure 4 shows bone formation at 4 weeks after implantation. Mature bone tissue is occupying the pore region in direct contact with inner surface of the pores.
HIGH STRENGTH HYDROXYAPATITE POROUS MATERIALS WITH HIGH POROSITY AND HIGH INTERCONNECTIVITY
A palisade-like arrangement of cuboidal-shaped active osteoblasts is observed in a lot of pore areas indicating the active and progressive bone formation.
These results prove this porous HAp ceramics is a good scaffold for osteogenic differentiation of BMOs and provides bone-forming biomaterial in vivo.
The material is already commercialized. They have been implanted into over 100 patients and demonstrate good prognosis.
COMPOSITE MEMBRANE FOR GUIDED BONE REGENERATION
Regenerative medicine is one of the most important and promissing procedures for repairing tissue defects. The word "regenerative medicine" often indicates "tissue engineering" which is techniques for in vitro tissue regeneration, while the native concept of "regenerative medicine" is "to reconstruct a deficient tissue with proper functions, shape and size by engineering methodology." That is, the method includes in vivo tissue regeneration with support of drug and/or materials.
The in vivo tissue regeneration, so-called guided tissue regeneration, had been proposed for nerve regeneration almost a hundred years ago, and the concept is extended to bone and periodontal tissue regenerations. These attempts were almost failed and have not been commonly applied in these fields due to missing of well-designed tissue guiding materials. Recently, the regeneration of periodontal tissues was applied using a bioinert Teflon ® membrane or biodegradable collagen and polyester membranes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] These membranes were useful to regenerate periodontal tissues with a small bone defect less than 5 mm 3 in size, but were not applicable for a large bone defect because of their insufficient mechanical strength and low bone tissue affinity. Further, they still have connatural problems, i.e., Teflon ® needs operation for its excision, collagen has no mechanical strength even to handle it in operation and polyester sometimes induces serious inflammation with decreasing of surrounding pH by its degradation. Considering these problems, some researchers have prepared composites of calcium phosphate ceramics and biodegradable polymers. Jansen et al. 11 prepared hydroxyapatite (HAp) / polylactive ® composites and indicated their good biocompatibility.
Shikinami et al. 12 prepared HAp/PLA composite as a bone plate and pin and reported high fracture toughness and biocompatibility. In situ calcium deficient HAp/PLA composite preparation was reported by Durucan et al. 13 Lee et al.
14 applied PLA and PLA/β-tricalcium phosphate (TCP) composites with platelet-derived growth factor to guided bone regeneration (GBR). Even these materials have a potential to regenerate large critical bone defect, no evidences for large defect regeneration have been demonstrated.
We have developed thermoplastic composites of β-tricalcium phosphate (TCP) and copolymerized poly-L-lactide (CPLA) for guided bone regeneration (GBR) membrane, [15] [16] [17] [18] [19] and its modified GBR membrane composed of TCP and poly-(L-lactideco-glycolide-co-ε-caprolactone) (PLGC) having a TCP was synthesized by a wet method using Ca(OH) 2 and H 3 PO 4 as starting materials. The precipitates obtained were dried and granulated to 10 µm in diameter by a splay dry method and heated at 800°C or 1100°C for 3 hours. The powers after heated were identified as TCP single phase by a powder X-ray diffractometry. Four kinds of PLGC (Taki Chemicals Co.) shown in Table 1 were used for the experiment. The PLGC was melted at 180°C for 5 min in a mill (LABOPLASTOMILL, Toyo Seiki, Inc.) to allow melting it, and the TCP powder dried at 180°C for 10 min in drying oven was added into the mill and mixed for 10 min at 30 rpm. The mixing ratio of TCP/PLGC was shown in Table 2 Chemical interaction between the TCP and the polymer was evaluated with reflectance Fourier-transformed infrared spectroscopy (FT-IR) at a resolution of 0.5cm -1 followed by a transformation to absorption spectrum with the Kramers-Kronig equation. Figure 5 demonstrated that the IR absorption band ascribed to the stretching vibration of C=O in polylactide shows red shift, suggesting that a chemical interaction take place between a TCP surface and C=O of polylactide block in PLGC.
No chemical shifts are observed for C=O band of polycaprolactone due to its weak polarization in comparison to that of polylactide and polyglycolyde. In addition, the present PLGCs have low polyglycolide block contents, then no C=O band from it are observed. sile strength and Young's modulus of the site film were measured with a universal testing ine (Shimadzu AG-100H) as a function of soaking time: the samples of 5×0.2×20 mm 3 in size was soaked at 37°C in 50 cm 3 of physiological saline for 1 to 24 weeks. The pH of the soaking solution was measured. Figure 6 shows the tensile strength of Figure 5 . Infrared absorption band of ester C=O bond of the composites. The IR peaks were shifted to lower wave number. Review the composite as a function of soaking time. A pure PLGC is disintegrated to 8 weeks, while the composite maintained its shape for initial 12 weeks and is degraded 24 weeks after soaking. The tensile strength of the composite is always higher than that of the pure PLGC: the composite keep Young's modulus about 0.4GPa even after 12 weeks' soaking and is about 10 times greater than that of the pure PLGC. In order to regenerate a bone defect by the GBR operation, stability of the membrane used needs at least for 8-12 weeks due to limitation of bone metabolism rate. According to the pH measurements, physiological saline is almost neutral when the composite is soaked. The soaking solution of pure PLGC and related biodegradable polymers, e.g., polylactide (PLA) and poly-(lactide-co-glycolide) (PLGA) become acidic by degraded products of polymers, i.e., lacti acid and glycolic acid in general. The pH maintenance effect by the TCP/PLGC composite can be explained by an automatic pH controlling mechanism due to the cooperative dissolution of alkaline TCP and acidic PLGC. The changes in weight-averaged molecular weight of PLGC indicate that the TCP inhibited the hydrolysis reaction of the PLGC. This inhibition is also caused by the automatic pH control because the hydrolysis reaction of polyester is accelerated by acidic and basic chemical environments, and the decomposition of the PLA or PLGA is enhanced by a self-catalytic reaction. Further, the automatic pH control is expected to suppress inflammation due to slow release of low concentration of acidic substances around the membrane. The similar results are obtained from PBS soaking test. These results indicated that the TCP/PLGC composites have sufficient mechanical, chemical and biological properties for the GBR membrane.
The GBR operations were carried out for mandibular 2-wall bone defects 2×1×1cm 3 in size and tibia fully defects 2cm in length of beagles using the composite membranes. A pure PLGC was used as controls for both in vitro and in vivo tests. Calcified tissue is regenerated from both sides and bottom of mandible defects two weeks after operation. As shown in Fig. 7 , the calcified area is gradually grown with time, and finally all defects are filled with newly formed bone after 12 weeks, though the membrane cannot be detected by X-ray photographs 4-8 weeks after the implantation and the decomposition speed is slightly faster than that supposed from the experiment in vitro. With respect to tibia, the defects covered with the composites are also filled with new bone and new bone tissues from both sides join at the center of them, while non-calcified tissue, a pseudo-joint, remains for the control.
HYDROXYAPATITE/COLLAGEN SELF-ORGANIZED NANOCOMPOSITE WITH
BONE-LIKE NANOSTRUCTURE [21] [22] [23] [24] [25] [26] [27] [28] [29] Bone is the connective tissue that protects other vital organs, such as the brain, heart and lungs, and at the same time it serves as a storage for calcium to maintain calcium homeostasis. Our bone plays these two roles by intricately combining HAp nanocrystals and type-I collagen molecules. The primary structure of bone is HAp nanocrystals oriented with the c-direction along parallel collagen fibers. This arrangement emphasizes properties of both organic and inorganic materials; that is, it provides strength against compressive forces (inorganic) and resilience (organic) to the bone. In addition, the presence of HAp nanocrystals facilitates bone resorption by osteoclasts, when the body's calcium levels are low as well as regular bone metabolism called bone remodeling. The bone remodeling is a process as follows; Osteoclastic bone resorption is constitutively active in our body primarily to absorb old bones before they lose durability. Bone resorption by osteoclasts leaves notches called Howship's lacunae, in which osteoblasts gather and initiate bone formation. The osteoclasts dissolve HAp by reducing pH to 3-4 at the site of resorption and digests collagen by releasing an enzyme, collagenase. Meanwhile, the osteoblast synthesizes collagen and subsequently phosphate and calcium ions. The pH control during bone formation has not been understood. 
Review
This remodeling process takes place also after autologous bone transplantation of e.g. the iliac bone to the bone defective site. The transplanted bone does not function as a new bone, as it is not viable. Rather, it is thought to provide a scaffold and cytokines for cellular activities. Therefore, a synthetic graft that has chemical compositions and microstructure similar to the bone is likely to trigger bone regeneration like those seen in autologous grafting. Many scientists have synthesized various types of HAp/collagen composites and tested them for bioavailability. Unlike autologous bone grafts, however, none of them has been shown to become a part of the bone remodeling process. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] We synthesize HAp/collagen (HAp/Col) bone-like nanocomposites using a self-organization between HAp and collagen under biomimetic condition.
Calcium carbonate (alkaline analysis grade, Wako Pure Chemical), orthophosphoric acid (special grade, Wako Pure Chemical) and type-I atelocollagen derived from porcine skin (Nitta Gelatin) were used as starting materials. Calcium carbonate was preheated at 1050˚C for 3 hours, and water was added to make calcium hydroxide slurry. All theoretical HAp/Col mass ratios are 80/20 without further notice. Figure 8 shows a schematic diagram of the reaction system. The right container contained 2 dm 3 of 199.1 mM calcium hydroxide slurry, and the left container 5 g of collagen dissolved in 2 dm 3 of 59.7 mM phosphate solution. The central reactor contained 1 dm 3 of pure water to measure pH. To maintain pH at a constant level, calcium hydroxide slurry and collagen-phosphate solution were delivered to the reactor by pH-controller driven tube pumps. The reaction temperature was controlled by the water bath and set at every 5 °C from 25 to 40 °C. The composite synthesis was not performed at higher temperatures, because collagen would be degraded and gelatinized. In addition, various pH from the physiological range (pH 7) and to alkaline conditions (pH 9) at which HAp is stably crystallized.
Obtained precipitates was dissolved in pure water, collected on a copper mesh with collodion film and used for TEM. HAp and collagen alignment was predicted from TEM and selected area electron diffraction analyses. TEM images of composite grains synthesized at pH8, 40˚C are shown in Fig. 9 . As shown in Fig. 9 , the composite forms a fibrous structure with HAp crystals deposited along collagen fibers. The inner 002 reflection of the electron diffraction pattern (inset) is crescent-shaped, indicating the c-axes of the HAp nanocrystals are oriented along the fiber length. The HAp and collagen form self-organized structure similar to the biological bone at pH 8-9, 40 °C by estimation of degrees of self-organization from the length of the composite fibers on the TEM image and the width of 002 reflections. These conditions can be explained in terms of biomaterial chemistry as follows: 1) Stable crystal formation of HAp by the acid-base reaction occurs at pH 8-9, 2) Collagen gelatinization is facilitated under an alkaline solution and at 40 ˚C, and 3) Partial desorption of water occurs at 40˚C in hydrated collagen. Physiologically, these conditions are similar to those for bone regeneration processes. The body temperature of pigs is 40 ˚C, and although the optimal pH for bone synthesis by osteoblasts has not been found, but the pH range for the composite synthesis is likely to be biologically favorable, as activated osteoblasts have higher alkaline phosphatase activity. Thus, self-organization of HAp/collagen composites is likely to be facilitated in a biomimetic environment. 
The precipitates isolated by a vacuum filtration through a glass-filtered funnel were compressed to a cylindrical shape and pre-dehydrated in a uniaxial compression-dehydration machine. The cylindrical material obtained was tight-sealed in a silicon rubber container for second dehydration with a cold isostatic press (CIP). After the CIP, the composite was cut into a plate of 5 × 3 × 20 mm 3 and tested for three-point bending strength at a crosshead speed of 500 µm/min and a 15-mm span. The Young's modulus was determined by the obtained load-deformation curve. The results of three-point bending measurement and Young's modulus demonstrate that the composite produced at 40 ˚C has the highest bending strength and Young's modulus among those synthesized at the same pH. The highest bending strength is obtained at pH9, 40˚C, with the bending strength of 39.5 MPa and Young's modulus of 2.54 GPa. The strength of this composite is equivalent to 1/5 -1/2 of that of the physiological bone and more than twice as strong as that of the other composite synthesized at the same pH but at room temperature (the bending strength, 14.8 MPa and Young's modulus, 0.549 GPa). At the same temperature, both the bending strength and Young's modulus tend to decrease with decreasing pH.
The collagen and water contents in the bulk samples were calculated from the total carbon and water amounts measured by a carbon and water analyzer (RC-412, LECO). The mass ratio of collagen to HAp is nearly equal to the theoretical ratio at 40 ˚C, pH 9, the total amount of HAp and Col standardized to 100%). The water content of the final composite increases with decreasing in pH and temperature.
These results reveal that the strength of HAp collagen composite is enhanced by increasing amount of collagen due to the strength enhancing mechanism of 300-nm collagen monomers and that self-organization of HAp and collagen also contributed to the composite strength. The HAp-collagen interaction, which is thought to be involved in the self-organization mechanism, was examined by infrared reflectance spectroscopy. Figure  10 shows the HAp/collagen composite plate and its absorption spectrum obtained by Kramers-Kronig transformation of the infrared reflectivity spectrum. The asymmetric stretch vibration of carboxy group (-COO -) is observed at 1340 cm -1 with pure collagen; in the HAp/collagen composite, a few wave number of red shift. This indicates that in the composite the two C-O bonds in the carboxy group are weakened, resulting in a red shift of -COO -. Thus, the carboxy group in collagen is likely to form a chemical bond with calcium ion, and this bonding is thought to be involved in apatite crystal alignment. We also investigated an influence of Ca, PO 4 and collagen concentrations on the HAp/Col fiber growth and find that reducing these concentrations in the reaction vessel during synthesis allow to grow the fibers up to 75 mm as shown in Fig. 11 . Further, we developed sponge-like viscoelastic porous body of the HAp/Col nanocomposite by a gel-lyophilization Figure 12 . Sponge-like HAp/Col porous body. This is probably because strong crosslinkages are formed through the entire composite and inhibited resorption by osteoclasts. The biocompatibility and bioactivity of cross-linked HAp/collagen composites are similar to those of the porous HAp bone graft.
In order to bone-repairing ability of the HAp/Col composite, the composite shown in Fig. 6 .23 (non-crosslinked) was implanted to an critical tibia segmental defect of 20-mm. The implant and surrounding tissue were removed for histological examination. The composite is almost completely absorbed in 12 weeks and new bone formation was observed at the fracture site as shown in Fig. 15 . By histological examinations, the process of bone defect by the implantaion of the HAp/Col composite is very similar to bone-remodeling process that is observed in the rat experiment and practical autologous bone transplantation. In the review we introduce the Biomaterials Center, NIMS and three calcium phosphate based materials we have developed. Porous HAp ceramics are already sold and used in clinical practice and other two will be used in near future. Our center is focusing on both basic science of biomaterials and application of them for our healthy and safe life.
ACKNOWLEDGEMENT
In the biological and medical efficiency tests, many scientists in biological, medical and dental fields give us many helps and suggestions. We are very grateful to Profs. Ochi, Yoshikawa and Dr. Myoui in
